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1. INTRODUCTION 

Recent studies on coronaviruses have provided detailed insights into the ar
rangement of open reading frames (ORFs) in the coronavirus genome and the 
strategies used to translate these ORFs. This chapter will present an updated 
and detailed overview of coronavirus genomic organization as well as of the 
coding assignments of the coronavirus ORFs (genes) and their translation strat
egies (see also the general reviews on coronaviruses by Spaan et a1., 1988; Lai, 
1990; Holmes, 1991). 

Early studies, based on gel electrophoresis of RNA, estimated the length of 
the coronavirus genome to be about 18 kilobases (kb). It was not until a com
plete cDNA library was cloned and sequenced for coronavirus avian infectious 
bronchitis virus (IBV) (Boursnell et a1., 1987) that the size of the genome could 
be established at around 30 kb, the largest among RNA viruses. The genomic 
RNA of three other coronaviruses has since been completely sequenced, and for 
several other coronaviruses partial sequence data have been obtained. 

From this wealth of sequence information a general picture of coronavirus 
genome structure emerges, but many significant differences exist. Based on 
these differences, three groups of structurally related coronaviruses (named 
after the boldfaced member) can be distinguished: (1) murine hepatitis virus 
(MHV), bovine coronavirus (BCV), human coronavirus OC43 (HCV-OC43), and 
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turkey coronavirus (TCV); (2) transmissible gastroenteritis virus (TGEV), fehne 
infectious peritonitis virus (FIPV), canine coronavirus (CCV), porcine epidemie 
diarrhea virus (PEDV), and HCV-229E; and (3) IBV. 

Molecular studies have also provided new insights into translation strate
gies of coronavirus genes. This has led to the reahzation that coronaviruses 
possibly possess as wide a variety of translation strategies as can be found in the 
entire virus kingdom. 

In this chapter, we will refer to coronavirus ORFs and mRNAs according to 
the recommendations made by the coronavirus study group in 1989 (Cavanagh 
et al. , 1990). Thus, mRNAs are designated by a number according to decreasing 
size, genomic RNA being 1, and ORFs are numbered corresponding to the 
mRNA from which they are expressed. In the hterature variants, isolates, and 
serotypes of coronaviruses are described without any clear consensus. To avoid 
confusion we will refer to such viruses as variants. 

A. General Genome Structure 

Positive-strand coronavirus RNAs (genome and messenger RNAs) are 
capped and polyadenylated. At both ends of the genome, regions of nontrans
lated sequences (NTR) are present that are most likely involved in replication 
(see Chapter 2). By virtue of their nested set structure, the 3'-NTR [200-500 
nucleotides (nt)] is common to all coronavirus positive-strand RNAs. Colinear
ity between positive-strand RNAs is also present at the 5'-NTR but is restricted 
to the leader sequence. 

Leader sequences and 3'-NTR sequences are highly similar between corona
virus es from the same structural cluster, but diverge in sequence and in length 
between these clusters. In fact, only one short stretch of nucleotides, 5'
GGAAGAGC-3', is completely conserved in the 3'-NTR of all coronaviruses. 
This region, first detected by Lapps et ai. (1987), is believed to be important for 
minus-strand RNA synthesis. 

The arrangement of the elementary genes (those that are essential for 
replication and virion structure) in the genomic RNA is the same for all corona
virus es studied to date (Fig. 1). The polymerasejreplicase and associated func
tions are encoded by the 5'-two thirds of all coronavirus genomes. The major 
structural pro teins, i.e., those that are found in all coronaviruses, are encoded 
by genes located in the order: 5'-S (large surface protein gene), -sM (small 
membrane protein gene), -M (membrane protein gene), -N (nucleocapsid protein 
gene), -3'. Depending on the coronavirus, additional ORFs are present at differ
ent positions in the genome. The functions of the pro teins encoded by these 
ORFs are mostly unknown. 

Coronaviral protein synthesis requires the synthesis of mRNAs by a mech
anism described in Chapter 2. Briefly, short conserved stretches of nucleotides, 
previously called intergenic sequences or junction sequences but which in fact 
are mRNA promoters on the minus strands, separate coding regions on the 
genome. On the minus strands, the promoter upstream of a coding region 
initiates transcription of a mRNA containing this coding region and all se-
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FIGURE 1. Overview of the coronavirus genome organization. The open reading frames of the five 
common elementary genes (see text) are shown. The shaded area in the S ORF represents the 
hypervariable region in this gene. Abbreviations: POL, polymerase gene; S, spike or large-surface 
protein gene; sM, small-membrane protein gene; M, membrane protein gene; N, nucleocapsid 
protein gene; 1a, ORF 1a of the POL gene; 1b, ORF 1b of the POL gene; L, leader RNA; (, cap; AAA, 
poly-A tail; >, promoter sequence (also called intergenic or junction sequence). Only promoter 
sequences common to all coronavirus genomes are shown; I-IV, regions with additional ORFs, 
described in Figs. 2-5 and in the text. 

quences downstream. However, only the first coding region, which may com
prise several ORFs on the mRNA, is translated. 

The evolution of coronavirus genomes appears to involve extensive dele
tions or insert ions in the genomic RNA. This can be deduced from the fact that 
differences between coronavirus genomes are characterized by the number and 
position of nonstructural genes. Also, differences between related, present-day 
coronaviruses mainly involves insertions or deletions in the genome. In those 
cases where ORFs are involved, these genomic changes can be associated with 
different pathogenic properties of the viruses. This is especially true for the 
large-surface protein gene. 

B. General Translation Strategy 

Coronavirus mRNAs are similar to host mRNAs insofar as they supply all 
the structural prerequisites for recognition by the eukaryotic host translation 
machinery. The initiation of translation in eukaryotes is generally accepted to 
occur through ribosomal scanning, starting at the 5' -cap structure and proceed
ing until an AUG co don in the preferred context is found (Kozak, 1989). Pro tein 
synthesis then continues until a termination codon is encountered and the 
ribosome complex detaches from the RNA and dissociates. 

All coronavirus mRNAs possess a common leader sequence that provides a 
cap structure. Therefore, by means of ribosomal scanning, an ORF encountered 
in the mRNA coding region can be translated. Indeed, early in vitra translation 
studies on coronavirus mRNAs that encode readily detectable structural pro
teins confirmed that only the 5'-extreme ORF, which on these mRNAs com
prised the entire 5' coding region, was translated (Rottier et a1., 1981; Siddell, 
1983). It was thus concluded that coronavirus mRNAs were translated accord
ing to the ribosomal scanning model and, although containing more than one 
coding region (as a consequence of the discontinuous transcription of corona
virus mRNA, see Chapter 2), were functionally monocistronic. However, it 
soon became apparent that some coronavirus mRNAs were quite different. In 
these cases, the 5' coding region contained more than one translationally active 
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ORE It has thus become dear, as will be described in this chapter, that corona
virus mRNAs can be functionally monocistronic or polycistronic. 

Litde is known about translational regulation of coronavirus mRNAs. For 
the functionally monocistronic mRNAs, the levels of protein expressed will 
probably mainly depend on the amount of mRNA, which is transcriptionally 
regulated (Chapter 2). However, there are some indications that the leader 
sequence may play, at least to some extent, a role in determining translation 
levels. Hofmann et al. (1993) have found that during persistent infection of BCV 
in tissue culture cells an intraleader ORF is selected. This may downregulate 
the expression of the POL gene, resulting in persistency. Recendy, Tahara et al. 
(1994) have shown that the MHV leader sequence is able to stimulate viral 
translation in cis, probably in conjunction with a virus-specified or virus
induced factor. Structural features such as hairpins, often implicated in transla
tional control, can be observed in the leader sequence of coronavirus mRNAs; 
but since these are common to all mRNAs, they will not playa role in deter
mining relative protein levels. Whether the length of the 5' -NTRs on the 
different mRNAs, which can vary considerably, especially between corona
viruses, plays any role in determining translation efficiency remains to be 
defined. 

Translation regulation mechanisms are more evident for the functionally 
polycistronic mRNAs. The best studied of these mechanisms is ribosomal 
frameshifting, occurring in the POL mRNA. Also, leaky scanning and internal 
entry by ribosomes have been proposed for the translation of other coronavirus 
ORFs and these mechanisms will be discussed in more detail. 

H. CORONAVIRUS GENOME: CODING ASSIGNMENTS AND 
TRANSLATION STRATEGY OF CONSERVED GENES 

A. The Polymerase (POL) Coding Region 

The coronavirus genome is infectious; thus the proteins responsible for 
replication and mRNA transcription must be translated from the incoming 
genomic RNA. The polymerase coding region is at the 5' -end of every corona
virus genome. In IBV, MHV-JHM, MHV-A59, and HCV-229E, it comprises two 
overlapping reading frames, ORF la and Ib. In other coronaviruses, this is 
probably also true, but sequence data are only available for the virus es men
tioned. The POL gene of IBV is 19,887 nt (Boursnell et al., 1987), that of MHV
JHM 21,798 nt (Lee et al., 1991), that of MHV-A59 21,530 nt (Bredenbeek et al., 
1990b; Bonilla et al., 1994), and that of HCV-229E is 20,274 nt in length (Herold 
et al., 1993). 

Soon after the sequence of ORF la and Ib of IBV was determined it was dear 
that translation of ORF 1b could not be explained by ribosomal scanning, which 
would lead to translation of ORF la only. It was noticed, however, that the 
configuration around the 42 nt overlap of the two polymerase ORFs resembled 
that in retroviruses where ribosomal frameshifting occurs. Indeed, Brierley et 
al. (1987) could show in vitro, using SP6 transeripts of IBV cDNA covering the 
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frameshift region and flanking reporter genes, that two overlapping reading 
frames could be translated to a transframe protein by (-1) ribosomal frameshift
ing. It was later established that the same is true for MHV-AS9 (Bredenbeek et 
aI. , 1990b) and HCV-229E (Herold et aI. , 1993). This frameshifting event is 
mediated by a RNA-pseudoknot structure which causes slippage of the ribo
somes on a stretch of adenines and uridines (UUUAAAC) just upstream of the 
pseudoknot structure (Brierley et aI. , 1989). The pseudoknot is essential for this 
event: it could not be replaced by other stem-Ioop structures and mutations 
were only allowed when they were compensated on the complementary arms of 
the pseudoknot sterns (Brierley et aI., 1991). From these experiments it can be 
inferred that POL ORF Ib is translated in viva by ribosomal frameshifting (see 
Chapter 10). 

The POL ORFs have a coding capacity for an extremely large replicasej 
transcriptase protein, which is most likely extensively cleaved. Comparison of 
the complete sequences of the POL co ding regions of IBV, MHV, and HCV-229E 
and short stretches of 3'-ORF Ib sequence obtained for other coronaviruses 
revealed that ORF Ib is highly conserved. However, between coronaviruses, 
ORF la is only moderately conserved at the 3'-end. Probably, ORF Ib encodes 
general coronavirus polymerase functions, while ORF la may contain more 
specific functions, for example, those related to replication in the specific host 
cello 

In vitra translation studies of purified genomic RNA of MHV produced a 
28-kDa and a 220-kDa protein from a 250-kDa precursor. This cleavage was 
sensitive to the protease inhibitor leupeptin (Denison and Perlman, 1986, 1987). 
The 28-kDa protein could be identified as the N-terminal cleavage product of 
ORF la (Soe et aI. , 1987). Baker et aI. (1989, 1993) subsequently showed that this 
protein is the product of a cis-acting papainlike cysteine protease activity, with 
Cys-1l37 and His-1288 as catalytic residues. 

Using a panel of antibodies raised against bacterial fusion proteins and anti
peptide sera derived from the 5'-6.5 kb of ORF la of MHV-A59, a number of 
processing products were detected in infected cells (Denison et al., 1992j Weiss 
et aI., 1994). These proteins were mapped to ORF la in the order, p28-p65-p50-
p240, the latter two being cleavage products of a p290 precursor. Cleavage of p28 
occurred early and was insensitive to the protease inhibitor leupeptin, which is 
in contrast to the in vitra data. The p290 cleavage is sensitive to leupeptin, 
suggesting that two distinct proteases are involved in processing this part of the 
ORF la product. 

At the other end of the POL gene, Bredenbeek et aI. (1990c) identified a 33-
kDa protein among the in vitra translation products of the 3'-most 1.85 kb of 
the MHV-A59 ORF Ib. They used antibodies raised against a peptide consisting 
of the C-terminal amino acids of ORF Ib. Denison et aI. (1991) identified several 
products of ORF Ib of MHV-AS9 using antibodies raised against fusion proteins 
containing sequences from the 3' -2 kb of this ORE Among the in vitra transla
tion products of purified genomic RNA, five different polypeptides could be 
detected: p90, p 74, p53, p44, and p32. The latter possibly corresponds to the 33-
kDa protein found by Bredenbeek et aI. (1990a). As for the in vitra data on ORF 
la products, the fact that protease inhibitor did not affect cleavage of the ORF Ib 
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in vitro produets may indieate that eare should be taken in extrapolation to the 
in vivo situation. For IBV, Brierley et al. (1990) have found several POL products 
in virus-infeeted eelllysates using antibodies direeted to fusion proteins eon
taining parts of the POL ORFs. 

As yet, no funetion ean be assigned to any of the polypeptides deteeted, nor 
is it known how the ORF la/lb products relate to the large polymerase preeur
sor. As was shown in the one ease for MHV by Baker et al. (1989, 1993), virus
eneoded proteases, eneoded somewhere in the POL ORFs, are believed to be 
responsible for the proeessing of the POL preeursors. Computer analyses of the 
polymerase pro tein sequenees have led to the predietion of several putative 
protease domains in the POL protein, as well as potential protease cleavage sites 
(Gorbalenya et a1., 1989, 1991; Lee et a1., 1991; see Chapter 10). 

B. The Large-Surface (S) Protein Gene 

The largest struetural gene eommon to eoronaviruses is the large-surfaee 
protein or spike protein gene. The S protein is the most prominent protein on 
coronavirions. Anehored in the viral envelope, it mediates reeognition of and 
binding to the reeeptor on the host eell and fusion with its membrane. In the 
TGEV and IBV clusters, S is translated from mRNA 2, and in the MHV cluster 
from mRNA 3. The S ORF eneodes a signal sequenee, and its translation will, 
thus, direet ribosomes to the endoplasmie retieulum, allowing direct insertion 
into the membrane. The S gene has been cloned for most eoronaviruses and 
expressed using a variety of systems. Funetions and biological properties of the 
S protein will be diseussed in Chapter 5. 

The S gene of eoronaviruses from the different clusters varies in size from 
3675 to 4350 nt. Size differenees have been mapped to the 5'-part of the gene (De 
Groot et a1., 1987). Large size differenees have also been located in the 5' -region 
of the S genes eneoded by closely related eoronaviruses (TGEV /PRCV: Ras
sehaert et a1., 1990; Britton et a1., 1991; Wesley et a1., 1991), by related strains 
(MHV-A59/JHM: Luytjes et a1., 1987; Sehmidt et a1., 1987; other MHV strains, 
Parker et a1., 1989b; BCV: Zhang et a1., 1991a) and by variants (La Moniea et a1., 
1991). Apparently, this part of the eoronavirus genome is highly variable, prob
ably since it eneodes parts of the S protein associated with host eell reeognition 
and the immune response. The 3' part of the S gene is more eonserved between 
eoronaviruses and eontains information neeessary for the strueture of the spike 
oligomers (De Groot et al., 1987). 

C. The Small-Membrane (sM) Protein Gene 

The small-membrane protein gene of eoronaviruses has only reeently been 
recognized as a struetural protein gene. In 1990, Smith et al. reported the first 
observation that a small protein eneoded by IBV mRNA 3 was membrane
associated. Subsequently, it was established that this protein (then designated 
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3c) is associated with the viral envelope, and thus represents a new structural 
(membrane) protein of coronaviruses (Liu and Inglis, 1991). In TGEV, a pro tein 
with similar properties was detected (Godet et a1., 1992) and the name "small
membrane protein" was suggested. Recently, Yu et al. (1994) have identified a 
homologous protein in the virus particles of MHV-A59. The sM pro tein will be 
discussed in Chapter 9. 

It now seems clear that the sM ORF will be present in all coronaviruses. 
The ORF is invariably located directly upstream of the MORE Amino acid and 
nucleotide homology between the different sM ORFs is limited, but the general 
predicted structure is highly similar. The strategy used for the translation of the 
sM ORF is very different between the members of the three coronavirus clus
ters. In IBV, the sM ORF is the third ORF in the 5' coding region of the 
tricistronic mRNA 3. Using synthetic mRNAs, in which the influenza virus 
nucleoprotein (NP) ORF was placed in front of the three IBV mRNA 3 ORFs, 
only NP and sM pro teins were translated in vitra. When the region containing 
the 3a and 3b ORFs was deleted, no translation of sM was observed (Liu and 
Inglis, 1992b). Thus, it was concluded that the sM ORF is translated by internal 
ribosomal entry in the region containing the 3a and 3b ORFs. Internal ribosome 
entry sites (IRES) are characterized by a specific RNA structure: the ribosomal 
landing pad (RLP). Such an RLP structure has been predicted by Liu and Inglis 
(1992b), and recently Le et a1. (1994) have suggested an alternative folding of the 
upstream RNA into an RLP structure, similar to that found in picornaviruses. 
Interestingly, unlike picornaviruses, the IBV RLP structure comprises func
tional ORFs (3a and 3b, see Section m.B.). Also, the coronavirus IRES would be 
unique in that it occurs on a polycistronic RNA. 

The sM ORF in MHV is located as the second, downstream ORF on mRNA 
5 (see Fig. 3). The sM ORF product was detected in infected cells and in virions 
(Leibowitz et a1., 1988; Yu et a1., 1994). In vitro, the sM ORF is translated much 
less efficiently than the upstream 5a ORE However, recent in vitra translation 
data indicate that expression of the MHV sM ORF mayaiso be mediated by 
internal ribosome entry (Thiel and Siddell, 1994). This would be similar to the 
situation in IBY. 

In BCV and OC43, sM is expressed from monocistronic mRNAs 5-1 and 5, 
respectively. The sM ORF product could be detected in BCV-infected cells by 
immunofluorescence using antiserum raised against the MHV-A59 sM protein. 
The BCV sM is similar, 50-60% at the amino acid level, to its MHV counterpart 
(Abraham et a1., 1990; Woloszyn et a1., 1990). It will be interesting to establish 
whether BCV harbors an IRES in the mRNA 5 coding region. If not, the se
quence differences between these viruses might reflect the position of essential 
domains in the MHV RLP. 

In the members of the TGEV cluster, the sM gene is expressed from mono
cistronic mRNA 4 (equivalent to HCV-229E mRNA 5). The size of the gene is 
similar to those found in the members of the MHV cluster. An interesting topic 
for future research will be to investigate why only some coronaviruses require 
such an elaborate mechanism of translation for the sM protein. It may be that 
adaptation to the host is involved. 
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D. The Membrane (M) Protein Gene 

The membrane-associated protein is translated from the M gene. The M 
protein assurnes a tightly membrane-associated conformation which is be
lieved to be crucial for virion structure formation. The properties of the M pro
tein will be discussed in Chapter 6. The predicted membrane topology of the M 
protein is highly conserved between coronaviruses, and the gene does not show 
any large insertions or deletions. Yet, M protein sequences between viruses 
from different clusters are only moderately similar. The M gene ranges in size 
from 675 to 786 nt. The main area of divergence is at the 5'-end, where the M 
genes of the TGEV cluster encode signal sequences that target M to the ER 
(Kapke et a1., 1988). In some variants of IBV and some enteric strains of MHV 
differences were also observed in this region (Cavanagh and Davis, 1988; Horn
berger, 1994). 

Surprisingly, the M gene sequence of the avian coronavirus TCV is almost 
identical (only two nts are different) to that of mammalian coronavirus BCV 
(Verbeek and Tijssen, 1991), a level of sequence similarity not found between 
any other two coronaviruses. 

E. The Nucleocapsid (N) Protein Gene 

The nucleocapsid gene encodes the protein that encapsidates the genomic 
RNA. It is translated from the most abundant viral mRNA, which in most 
coronaviruses is the smallest: mRNA 7 in viruses from the MHV cluster and 
mRNA 6 in those from the IBV cluster. Coronaviruses from the TGEV cluster 
express the N gene from mRNA 6, hut these viruses, excepting HCV-229E and 
PEDV, also express a sm aller mRNA (see Section III.D.). 

The amino acid similarity of the N proteins between coronaviruses from 
the different clusters is low. The N genes of coronaviruses from a single cluster 
are generally of similar size. However, the PEDV N gene is 135 nt larger than 
that of the other members of this cluster (Bridgen et a1., 1993). The authors 
suggest that the extra sequence may be the evolutionary result of polymerase 
stuttering, since it contains a 36 nt (12 amino acid) periodicity. From an evolu
tionary point of view, TCV is again noticeable: its N gene has merely a single nt 
difference (including the 3'-NTR) from the same area in BCV (Verbeek and 
Tijssen, 1991). 

Interestingly, in coronaviruses from the MHV cluster, i.e., BCV (where it 
was first recognized by Lapps et a1., 1987), TCV, SDAV (Kunita et a1., 1993), and 
MHV strains A59, S, I, and 3, but not JHM (Parker and Masters, 1990), and in 
those from the TGEV cluster, i.e., PEDV and HCV-229E (Schreiber et a1., 1989; 
Bridgen et a1., 1993), an internal ORF of considerable length (612-660 nt in the 
MHV cluster; 336 nt in the TGEV cluster) is present in the N gene with an AUG 
codon in a favorable context. It has been shown by Senanayake et al. (1992) that 
this ORF is expressed in BCV-infected cells and encodes a membrane-associated 
protein. Thus, BCV mRNA7 is functionally bicistronic, probably by means of a 
ribosomalleaky scanning mechanism. In HCV-OC43, the homologue of the 
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internal ORF of BCV is shorter because of a point mutation (Kamahora et al., 
1989). Reeently it has been suggested by Sehaad and Barie (1993) that additional, 
short internal ORFs in the N gene of MHV might exist which are preceded by 
promoter-similar sequences that would produce subgenomic mRNAs. This 
observation remains to be confirmed as it could reflect aberrant initiation 
events. More detailed information on the coronavirus N protein is presented in 
Chapter 7. 

UI. CORONAVIRUS GENOME: CODING ASSIGNMENTS AND 
EXPRESSION OF NONCONSERVED GENES 

A. ORFs between the POL and S Genes: Region I 

In the MHV cluster of coronaviruses, two ORFs, which are not present in 
members of the TGEV and the IBV clusters, are located between the polymerase 
and the large-surface pro tein gene (Fig. 2). The first of these, ORF 2a, is trans
lated from mRNA 2 and encodes a small protein designated ns2a or 30 kDa. 
This protein has been identified as a phosphoprotein in BCV (Cox et al., 1991). 
Early in vitra translation experiments showed aproduct of MHV mRNA 2 of 
approximately 30,000 molecular weight (Leibowitz et al., 1982; Siddell, 1983). 
Using antibodies raised against a fusion product of the cloned gene of MHV
A59, the protein could be detected in cells infected with either MHV-A59 or 
MHV-JHM but not in purified virions, suggesting a nonstructural nature (Bre
denbeek et a1., 1990a; Zoltick et a1., 1990). ORF 2a has been sequenced for MHV 
strains A59 (Luytjes et a1., 1988L JHM (Shieh et al., 1989L and for BCV (Cox 
et a1., 1989). In the MHV-JHM variant Wb1 a large deletion has eliminated the 
entire 5'-end of ORF 2a, including the mRNA2 promoter. Consequently no 30-
kDa pro tein is synthesized (Schwarz et al., 1990). This deletion does not affect 
growth in tissue culture, suggesting that the 30-kDa protein may on1y be 
important to the virus in its natural host. 

The second ORF in this region, exclusive to viruses of the MHV cluster, 
encodes a pro tein that constitutes the major difference in virion structure 
between the MHV, TGEY, and IBV groups. It has been designated HE (hemagglu
tinin esterase) in analogy with the influenza C virus hemagglutinin- esterase
fusion (HEF), with which it shows a high degree of structural and functional 
homology (Luytjes et a1., 1988; Vlasak et a1., 1988a,b). The HE gene is translated 
from mRNA 2-1 and encodes a 65,000 molecular weight pro tein, which in its 
dimeric form is the second spike protein for several viruses from the MHV 
cluster. HE translation is signal sequence mediated, and the protein is inserted 
into the ER membrane through a transmembrane domain which may be the 
homologue of the HEF fusion domain. It has been hypothesized that the HE 
gene has been acquired by a RNA-recombination event between ancestral 
coronaviruses and influenza C viruses (Luytjes et al., 1988). 

The HE locus in MHV is highly heterogeneous between strains, but also 
within a single strain. In MHV-A59, where it was first detected, the HE gene is 
not expressed, since it lacks an initiation codon (Luytjes et a1., 1988). More 
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FIGURE 2. Genetic structure of coronavirus RNA in region I between the POL and S genes. The left 
panel indicates the coronavirus; the right panel gives a diagram of the genomic structure. Boxes 
represent reading frames. Functional open reading frames are in white boxes, stippled boxes show 
the outline of nontranslated reading frames. The positions of the ORFs are represented relative to 
that of the upstream flanking, conserved ORF Inames shown in triangles). Deletions are indicated 
by ~. ND = not determined. In the upper, shaded box the nomenc1ature of the ORFs is dispIayed Isee 
text). Variants of MHV-l!2!3 are indicated above their respective reading frames. Other legends are 
as described in Fig. 1. 

important, mutations have destroyed the upstream promoter that determines 
the synthesis of mRNA 2-1. In other MHV strains the HE gene is truncated at 
the 3'-end by mutations and insertions/deletions that have introduced transla
tion termination co dons and thus preclude membrane insertion. The gene for a 
full-length HE protein is present in MHV strains Sand JHM, although the HE 
protein was only detected at low levels in MHV-JHM virions (Shieh et a1., 1989j 

Yokomori et a1., 1991). Single-strain heterogeneity is indicated by the observa
tion that MHV-JHM(2) variants, which contained HE regions truncated to dif
ferent extents, could be isolated over aperiod of time from the brains of infected 
animals (Yokomori et a1., 1993). 

The HE gene has been cloned and sequenced for four BCV strains (Quebec: 
Parker et a1., 1989aj Mebus: Kienzle et a1., 1990j L9 and LY138: Zhang et a1., 
1991b) and one HCV strain (OC43: Zhang et a1., 1992). In these viruses the gene 
is highly conserved and shows none of the variability in structure observed for 
MHV. The functional HE gene ranges in size from 1275 to 1320 nt. Chapter 8 will 
present a more detailed analysis of the function and structure of the HE protein. 
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B. ORFs between the Sand sM Genes: Region II 

There is great variability between coronaviruses in the area of the genome 
between the S and the sM genes, in the size and in the number of ORFs present 
(Fig. 3). InIBY, two ORFs (3aand3b) arepresent, each ofwhichis expressedfrom 
mRNA 3. IBV mRNA 3 also encodes the sM protein (see Section II.c.). The 
corresponding proteins (3a: 6700 molecular weightj 3b: 7400 molecular weight) 
have been detected in IBV-infected cells, and both ORFs can be translated from 
T7/SP6 transcripts of cloned cDNA of mRNA 3 (Smith et a1., 1990j Liu et a1., 
1991). IBV mRNA 3 is thus functionally poly(tri)cistronic. 

Smith et a1. (1990) proposed that translation of the IBV 3a and 3b ORFs 
is governed by the "leaky scanning" model of Kozak (1987,1989). In this model 
the strength of the initiation codon of a downstream reading frame on a poly
cistronic mRNA has to be higher than that of the ORF that is located upstream. 
Skipping of the preceding, weaker AUGs by a portion of the ribosomes enables 
production of the downstream encoded proteins. Consistent with this model, 
the AUG codon of ORF 3a is in a weak context and no additional AUG codons 
are present in these ORFs. Note that ORFs 3a and 3b are in the region of 
mRNA 3 considered to fold into the RLP for translation of the sM ORF (see 
Seetion II.c.). 

In MHV, 2 or 3 ORFs are located between genes S and sM. In MHV-JHM, a 
single ORF 4 is translated from mRNA 4 and encodes a 15,000 molecular weight 
pro tein, which has been detected in infected cells (Ebner et al., 1988). MHV-A59 
contains two ORFs in this region: 4a (predicting a protein of 2200 molecular 
weight) and 4b (predicting a protein of 11,700 molecular weightj Weiss et al., 
1993). Alignment of the sequences of MHV-JHM and A59 from this area indi
cates that two single nt insertions/deletions have caused the difference. The 
short ORF 4a of MHV A59 is in a different reading frame and ORF 4b is the 
shorter homologue of the MHV-JHM ORF 4. In vitro translation of T7-
transcribed RNA containing ORF 4a and 4b produced only a 2.2-kDa protein. 
Also, antibodies against the lS-kDa ORF 4 product of MHV-JHM did not detect 
any 11.7-kDaprotein inMHV-A59-infected cells (Weiss et al., 1993). Thus, early 
assumptions that the 14-kDa protein observed in analyses of MHV-A59 encoded 
proteins (Rottier et al., 1981) and cell-free lysates (Leibowitz et al., 1982) is a 
product of the coding region of mRNA 4 may be incorrect. 

The sM ORF of MHV mRNA 5 (ORF Sb) is expressed preferentially to ORF 
5a in in vitro translation (Budzilowicz and Weiss, 1987). Since the product of 
ORF 5a has not yet been identified, it remains to be seen whether this mRNA is, 
like mRNA 3 of IBY, functionally polycistronic. If so, it would be the only corona
virus mRNA that is functionally monocistronic from a downstream ORF. 

Nothing is known about the function of the ORF 4 (a,b) and ORF 5a gene 
products. However, in MHV strain S, which is easily propagated in tissue 
culture, ORF 5a is deleted and ORF 4 is not expressed because synthesis of 
mRNA 4 has been eliminated by mutations in its promoter. It thus appears that 
these proteins are not required for replication, at least not in vitro and for this 
strain of MHV (Yokomori and Lai, 1991). 

In BCV, the region between the Sand sM genes contains 3 ORFs (Abraham 
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et a1., 1990). The first two of these (ORFs 4a and 4b) are located in the coding 
region of mRNA 4, are homologous to MHV-JHM ORF 4, and may have arisen 
from a single base deletion in an ancestral BCV ORF 4. ORF 4a encodes a protein 
of 4900 molecular weight and can be translated in vitro from mRNA 4. The 
putative product of ORF 4b would be a protein of 4800 molecular weight, but it 
has not been detected after in vitro translation (Abraham et a1., 1990). Unlike 
MHV ORFs 4/4a, BCV ORF 4a overlaps briefly with the end of the S gene. 
Accordingly, the promoter responsible for the generation of mRNA 4 is located 
some 330 nt inside the upstream gene. The third BCV ORF in this region is 
located in the coding region of mRNA 5, which has its promoter located 
internally in ORF 4b. ORF 5 encodes a protein of 12,700 molecular weight 
(Abraham et a1., 1990j Woloszyn et a1., 1990). 

The HCV-OC43 strain reported by Mounir and Talbot (1993) also shows 
considerable variation in this area compared to BCV, although otherwise both 
viruses are highly homologous at the nucleotide and amino acid levels. The 
difference is due to a large deletion in the mRNA 4 coding region of HCV-OC43. 
This deletion has left only 11 amino acids from ORF 4a. The authors found that 
trus truncated ORF is followed by a copy of a large part of the HCV-OC43 leader 
sequence. This finding is possibly an artifact, but it is not unique because 
Taguchi et a1. (1994) have found a similar arrangement between the M and N 
genes of MHV strain S. The partial leader copy is succeeded by the homologue of 
the BCV ORF 5, although for HCV-OC43 it should be designated ORF 4b 
because it is located in the coding region of mRNA 4. The deletion event also 
removed the promoter that would give rise to the OC43 version of BCV mRNA 
5. Whether this configuration occurs in other OC43 variants remains to be 
determined. 

In the coronaviruses of the TGEV cluster, the region between the Sand sM 
genes is extremely variable. Generally, two ORFs are present. In two TGEV 
strains, FS772/70 and Purdue-115, the ORFs are located on mRNA 3 (Britton et 
a1., 1989j Rasschaert et a1., 1990). Therefore, the ORFs have been designated 
ORF 3a and 3b. However, Wes1ey et al. (1989) reported for the Miller/PP3 strain 
of TGEV that these ORFs were each translated from aseparate RNA, designated 
mRNAs 3 and 4, respectively. Consequently, these ORFs were named ORF 3 
and 4. Following the proposed coronavirus nomenclature and to preserve anal
ogy with other coronaviruses, these mRNAs are called mRNAs 3 and 3-1, 
encoding ORFs 3a and 3b. 

In TGEV-related strains porcine respiratory coronavirus (PRCV) 86/137004 
and 86/135308, the promoter responsible for the synthesis of mRNA 3 has been 
deleted. A new one has been generated by mutations approximately 300 nt 
downstream, just in front of the AUG of ORF 3b (Page et a1., 1991). Thus, PRCV 
synthesizes a different mRNA 3 (related to mRNA 3-1 of TGEV Miller/PP3), 
containing ORF 3. To make the picture even more complicated, a TGEV Miller/ 
PP3 variant, SP, contains a large deletion stretching from just upstream of the 
promoter for mRNA 3 into ORF 3b and this virus pro duces no mRNA 3 at all 
(Wesley et a1., 1990). 

Coronavirus CCV is closely related to TGEV strains FS 772/70 and Purdue. 
As in these strains, two CCV ORFs are present, 3a and 3b, both in the co ding 
region of mRNA3. While the nt sequences are highly similar to TGEV, ORF 3b 



46 WILLEM LUYTJES 

is truncated by 20% compared to TGEV 3b, because of an acquired termination 
codon (Horsburgh et a1., 1992). 

In FIPV, the counterparts for the TGEV ORFs 3a and bare reportedly 
present, but mutations have split ORF 3b into two separate ORFs and an extra 
ORF, starting in 3a, can be observed, bringing the number of FIPV ORFs in this 
region to 4 (Vennerna, 1991). These four ORFs are apparently located in the 
coding region of mRNA 3. There are no data on expression of these ORFs. 

Two other members of the TGEV cluster, PEDV and HCV-229E, are some
what divergent in region 11, since both seem to lack a homologue of ORF 3a. In 
PEDV, one ORF is present between the Sand sM ORFs (Duarte et a1., 1994). This 
ORF 3 is related to ORF 3b in the TGEV strains and is located in the coding 
region of mRNA 3. ORF 3 appears to be polymorphie, as sequence variation was 
observed between independent clones and between two variants, which in
cluded deletions leading to truncation of the ORE HCV-229E contains two 
ORFs in this area, which together are homologous to PEDV ORF 3. They briefly 
overlap and are located in the coding region of a single mRNA (Raabe and 
Siddell, 1989; Raabe et al., 1990). The nomenclature for the HCV-229E mRNAs 
used by the authors is different from that for the other members of this cluster. 
They have found an extra RNA with a coding region starting internally in the S 
gene, not only by hybridization but also by metabolic labeling (Schreiber et a1., 
1989). Therefore, the next smaller mRNA is numbered 4, rather than 3. Conse
quently, the ORFs located between the Sand sM genes are named 4a and 4b. For 
the sake of clarity, it may be better to number these ORFs 3a and 3b, on the 
coding region of mRNA 3. The upstream promoter in S would then produce 
RNA 2-l. There is no information on the expression and biological relevance of 
these ORFs. 

C. ORFs between the M and N Genes: Region III 

In IBV, extra ORFs can be found between the M and the N genes (Fig. 4). 
Two ORFs, Sa and Sb, encoding pro teins of 7400 and 9500 molecular weight, 
respectively, are present. The ORFs are both expressed from mRNA 5 and can 
be detected in infected cells, implying that the IBV mRNA 5 is also functionally 
polycistronie (Liu and Inglis, 1992a). The I/leaky scanning" model does not seem 
to apply here since the AUG codon of ORF Sa is in astronger context than that 
of ORF Sb. The translation mechanism of ORF Sb therefore remains to be 
determined. 

FIGURE 4. Genetic structure of coronavirus 
RNA in region III between the M and N 
genes. Legends are as in Figs. 1 and 2. 



CORONAVIRUS GENE EXPRESSION 

FIGURE S. Genetic structure of co
ronavirus RNA in region IV down
stream of the N gene. Legends are as 
in Figs. 1 and 2. 
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Unlike virus es from the MHV and IBV clusters, coronaviruses from the 
TGEV cluster encode proteins downstream of the N gene (Fig. 5). As was deter
mined by De Groot et al. (1988), two ORFs are present in this region of the FIPV 
genome: ORF 7a and 7b, located on mRNA 7, which is generated from a pro
moter immediately downstream of the N gene. In TGEV, only one ORF is found 
(ORF 7), apparentlya deletion product of the homologue of ORF 7a of FIPV 
(Kapke and Brian, 1986; Rasschaert et al., 1987; De Groot et al., 1988; Britton et 
al., 1988). Coronaviruses CCV and FECV are similar to FIPV. The CCV ORFs are 
colinear with those of FIPV but only 60-80% homologous at the amino acid 
level. In contrast, the FECV ORFs are 89-99% homologous, but ORF 7b has 
been truncated by a point mutation (Vennema et al., 1992a; Horsburgh et al., 
1992). The 9100-molecular-weight translation product of ORF 7 of TGEV 
(Garwes et al. , 1989; Tung et al. , 1992) and a 14,OOO-molecular-weight product of 
ORF 7b of FIPV, CCv, and FECV (Vennerna, 1991) have been detected in vivo by 
immunoprecipitation. The ORF 7 protein of TGEV is endop1asmic reticulum 
(ER) membrane associated (Garwes et al., 1989; Tung et al. , 1992),leading to the 
suggestion that it may playa role during virus assembly or budding. The ORF 7b 
protein of FIPV is a soluble protein containing the amino acid sequence KTEL, 
an ER-retention signal (Vennema et al., 1992b). This suggests that it can be 
retrieved into the ER lumen after transport. Its role in virus replication is not 
yet clear. If a product of ORF 7a can be detected in FIPV-infected cells, the FIPV 
mRNA 7 will be another example of a coronavirus mRNA that is functionally 
polycistronic. The separate position held by HCV-229E and PEDV in the TGEV 
cluster is again illustrated by the fact that these virus es do not contain any 
ORFs or promoters in this region (Schreiber et al., 1989; Bridgen et al., 1993). 

IV. CONCLUSION 

The genomes of coronaviruses apparently contain a relatively flexible set of 
conserved reading frames that are essential and variable or nonconserved read-
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ing frames that often appear to be dispensable in vitra. It should be no ted, 
however, that many virusesdescribed in the literature are tissue culture vari
ants, or at least adapted to growth in tissue culture. They may not be infectious 
to the natural host in their mutated form and dispensable ORFs may indeed 
prove essential to the virus in the field. 

Nevertheless, the data do emphasize the adaptability of coronaviruses and 
the flexibility of the genome. The implications for evolution are apparent. The 
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potential of coronaviruses to evolve rapidly, by their ability to incorporate new 
genes, is most convincingly illustrated for the HE gene. For coronaviruses of the 
MHV cluster, the biological properties acquired with the HE gene are not fuHy 
understood, but the available data indicate that HE is involved in pathogenesis 
and the acquisition of the gene constitutes a significant evolutionary advantage 
to the viruses involved. The mechanism by which new genes are incorporated 
into the genome is very likely to be RNA recombination between heterologous 
RNAs. Obviously this will be a major subject of study on coronaviruses in the 
coming years. 

Viruses have often developed alternative strategies for the expression of 
proteins essential fm replication. Translational mechanisms different to the 
strategy of ribosomal scanning are also believed to allow for the regulation of 
pro tein levels. It now appears that coronaviruses employ a whole set of alterna
tive translation strategies, including ribosomal frameshifting, internal ribo
somal entry, and leaky scanning (Fig. 6). It is likely that ribosomal frameshifting 
in the POL gene provides a crucial means of regulating expression of the vitallb 
ORF functions and is used by all coronaviruses. More puzzling is the expression 
of the sM ORE Closely related coronaviruses use different strategies to express 
this ORF, which may reflect a fundamental difference between these viruses. It 
will be interesting to find out what these differences are. In particular, it will be 
especially important to find out whether the IRES elements of IBV and MHV 
function on genomic RNA, which would imply that the sM ORF in these 
virus es can be translated from the incoming genome. 

Detailed analyses of coronavirus translation mechanisms, replication 
strategies, and the relative importance of the different ORFs, especially those of 
the polymerase coding region, are in progress. The analysis of the biological 
functions of these ORFs awaits the use of site-directed mutagenesis and the 
techniques of reverse genetics, which, hopefully, may soon become available to 
coronavirologists. 
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